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(54) Optical transmitter having optical modulator 

(57) An optical modulator includes a branched 
waveguide arrangement In which input light is divided 
and passed along respective branching waveguides 
(106. 108) and then recombined to form output light. 
Input drrve signals are respectively applied to elec- 
trodes (114. 116) cooperating respectively with the 
waveguides. Control electrodes (124. 126) are used for 



controlling the coupling ratio of the directional coupling 
between the branching waveguides (106. 108) and a 
delay optical waveguide (118) coupled directionalty to 
the branching waveguides (106, 108). With this 
arrangement, the driving voltage is reduced. 
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Description 

The present invention, which is divided from European application 92 119 707.5. relates to an optical transmitter 
for use with an optical communication system and, more particularly, to improvements of an optical transmitter having 
5 an opticcil modulator 

Heretofore, optical transmitters used by optical communication systems have adopted the so-called direct modula- 
tion as their operating principle. The method involves modulating the cun*ent that fbws through laser diodes by use of 
data signals. A major drawback of direct modulation is the difficulty in implementing long-dstance data transmission 
due to wavelength dispersion. Efforts of recent years to circumvent the disadvantage have led to the development of 

10 external modulation. This is the kind of optical modulation that is highly immune to the adverse effects of wavelength 
dispersion over optical fiber cables. For example, what is known as the LiNbOa Mach-Zehnder modulator has drain 
attention for Its excellent modulation characteristic and high resistance to wavelength dispersion. Optical transmitters 
based on the external modulation principle are subject to a number of requirements: (a) the operating point of the opti- 
cal modulator should be controlled to be stable; (b) the optical modulator should be driven with a low voltage; (c) there 

75 should be minimum waveform distortion attritMJtable to the capacitor between a driving circuit and the electrodes of the 
optical modulator as well as to the capacitor between the electrodes and a terminating resistor; and (d) there should be 
minimum changes in modulation characteristic which are attributable to abrupt changes In the so-called mark rate. It is 
also required that the presence or absence of chirping (dynamic wavelength fluctuation) in the optical signal output by 
the optical modulator be optional. For example, where long-distance transmission is effected using a wavelength that 

20 approximately matches the zero-dispersion wavelength of the optical fiber and where the dispersion value can be either 
positive or negative, there should be no chirping. On the other hand, where the polarity of the wavelength dispersion of 
the optical fiber is predetennined and where optica! pulse compression may be effected using a kind of chirping that 
corresponds to the dispersion polarity, the presence of chirping should be selected. 

25 Description of the Related Art: 

The typical Mach-Zehnder modulator comprises an input port that receives light from a light source, a pair of 
branching waveguides that transmit the light received through the input port after branching the light In two directions, 
an output port that converges the branched light streams coming out of the branching waveguides, and electrodes that 

30 give phase change to the light transmitted through the branching waveguidea When the light streams from the branch- 
ing waveguides converge in phase (with a phase difference of 2 nrt , n being an integer), the light output is turned on; 
when the light streams converge opposite to each other in phase (with a phase difference of (2n + 1)rc. n being an Inte- 
ger), the light output is turned off. Thus Intensity modulation is performed by varying the voltage given to the electrodes 
by use of an input signal. Where the voltage fed to the electrodes is varied as per the Input signal, it Is necessary to 

35 compensate for the operating point drift of the optical modulator caused by tenrperature fluctuation and other ambient 
conditions. One way to do this is first to supply the electrodes with a bias voltage such as to keep the operating point 
where optimum and then to superinnpose a driving signal onto the bias voltage so that the output light is turned on and 
off while the operating point is being held in its optimum position. Prior art techniques of the above kind for stabilizing 
the operating point of the optical modulator are described illustratively in Japanese Patent Laid-Open No. 49-42365 and 

40 in Japanese Patent Laid-Open No. 3-251 81 5. 

Also known is a Mach-Zehnder optical modulator of a symmetrical dual electrode driving type designed to Icwer the 
voltage to a signal electrode of the optical modulator and to eliminate chirping in the modulated output light. That is, the 
branching waveguides have a signal electrode each. These electrodes are fed witii driving voltages opposite to each 
otfier in phase. This technique is disdosed illustratively.in Technical Digest of lOOC 89, 1 9D4-2, 1 989. "Perfectly Chirp- 

45 less Low Drive Voltage Ti:UNb03 Mach-Zehnder Modulator with Two Traveling-Wave Electrodes". 

U.S. Patent Application No. 07/662,412 discloses related techniques of the optical transmitter permitting the selec- 
tion of the presence of absence of chirping. 

The driving signal for optical modulation has a repetitive pulse waveform or an AC waveform, while the bias voltage 
for operating point control comes from a DC source. Thus the circuit for controlling the operating point is connected to 

so the electrode in a DC setup, whereas the driving circuit is connected to the electrode in an AC setup via a capacitor for 
DC decoupling. Where the electrode of the optical modulator is built as a traveling-wave type, the electrode is con- 
nected to the terminating resistor also in an AC setup. If there exists a capacitor between the driving drcuit and the elec- 
trode and/or between the terminating resistor and the electrode, the low-frequency component of the driving signal is 
cut off. This can promote distortion of the signal waveform of the modulated light upon abrupt change in the mark rate. 

55 If the frequency characteristic of the capacitor is insufficient, the wavefomn of the driving signal of as high as several 
Gb/s is distorted by the capacitor. That In turn distorts the waveform of the modulated light. 

Whereas the symmetrical dual electrode type optical modulator may lower the driving voltage, its application to the 
optical transmitter with a stabifized operating point is yet to be implemented extensively. 
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SUMMARY OF THE INVENTION: 

It is therefore an object of the present invention to provide an optical transmitter that has stable control on the oper- 
ating point of the optical modulator and has little waveform distortion against the change in the mark rate by eliminating 
5 the capacitor connecting the electrode of the optical modulator to the driving circuit. 

It is another object of the invention to provide an optical transmitter that eliminates the capacitor connecting the 
electrode of the optical modulator to the terminating resistor if the electrode is built as a traveling -wave type. 

It is a further object of the invention to provide an optical transmitter that lowers the driving voltage to the optical 
modulator. 

10 It is yet another object of the invention to provide an optical transmitter that permits easy selection of the presence 
or absence of chirping in the optical signal output by the optical modulator. 

In carrying out the invention and according to one aspect thereof, there is provided an optical transmitter compris- 
ing: a light source: a Mach-Zehnder optical nxxlulator having an input port which receives light from the light source, a 
first and a second branching waveguide which transmit the light supplied to the input port after branching the supplied 

15 light in two directions, an output port which converges the branched light from the first branching waveguide and the 
second branching waveguide before outputting the converged light, and a signal electrode and a bias electrode which 
are insulated from each other and which give phase change to the light transmitted through the first branching 
waveguide and the second branching waveguide; light branching means, connected operatively to the output port, for 
branching in two directions the light output by the output port; driving means, connected operatively to the signal eiec- 

20 trode. for supplying the signal electrode with a driving signal based on an input signal; and operating point control 
means, connected operatively to the bias electrode, for supplying the bias electrode with a bias voltage controlled in 
accordance with the light branched by the light branching means for control of the operating point of the Mach-Zehnder 
optical modulator. 

According to another aspect of the invention, there is provided an optical transmitter comprising: a light source; a 
25 Mach-Zehnder optical modulator, connected operatively to the light source, for modulating in intensity the light from the 
light source: and driving means, connected operatively to the Mach-Zehnder optical modulator, for supplying the optical 
modulator with a driving signal based on an input signal: the Mach-Zehnder optical modulator including: an input-side 
optical waveguide; a first branching portion for branching in two directions the light transmitted through the input-side 
optical waveguide;; a f irst and a seicond branching waveguide for transmitting the light branched by the first branching 
30 portion; a second branching portion for converging the light transmitted through the first branching waveguide and the 
second branching waveguide; an output-side optical waveguide for transmitting the light converged by the second 
branching portion; a first and a second loaded electrode loaded respectively onto the first branching waveguide and the 
second branching waveguide; a delay optical waveguide coupled directionally to at least one of the first brariching 
waveguide and the second branching waveguide; and a control electrode for controlling the coupling ratio of the direc- 
ts tional coupling between the branching waveguide and the delay optical waveguide. 

The above and other objects, features and advantages of the present invention and the manner of realizing them 
will become more apparent, and the invention itself will best be understood from a study of the following description and 
appended claims with reference to the attached drawings showing some preferred embodiments of the invention. 

40 BRIEF DESCRIPTION OF THE DRAWINGS: 

Fig. 1 is a plan view of a Mach-Zehnder optical modulator that may be used to practice the invention; 

Fig. 2 is a cross-sectional view taken on line A-A of the optical modulator in Fig. 1 ; 

Fig. 3 is a cross-sectional view of another optical modulator that may be used to practice the invention; . 
45 Fig. 4 is a plan view of another optical modulator that may be used to practice the invention; 

Fig. 5 is a view illustrating the input/output characteristic of a Mach-Zehnder optical modulator; 

Fig. 6 is a block diagram of an optical transmitter used to implement symmetrical modulation; 

Fig. 7 is a set of views depicting the waveforms of an optical signal output from the optical transmitter of Fig. 6; 

Figs. 8 and 9 are views illustrating the waveforms of optical signal outputs effected by the optical transmitter of Fig. 
so 6 when the transmitter da/elops an operating point drift in the positive and negative directions; 

Fig. 10 is a view illustrating typical probabilities of occurrence of the space portion, mark portion, and leading and 

trailing portion of an eye pattern; 

Fig. 11 is a block diagram of an optical transmitter practiced as a first embodiment of the invention; 
Figs. 1 2A through 12E are views of waveforms generated by the optical transmitter of Rg. 11 as it is operating; 
55 Fig. 13 is a schematic view depicting key parts of an optical transmitter practiced as a second embodiment of the 
invention; 

Fig. 14 is a block diagram of the entire optical transmitter of Fig. 13; 

Figs. 1 5A through 15G are views of waveforms generated by the optical transmitter of Fig. 14 as it is operating; 
Fig. 16 is a block diagram of an optical transmitter practiced as a tiiird embodiment of the invention; 
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Rgs. 1 7A through 1 7H are views o1 waveforms generated by the optical transmitter of Rg. 1 6 as it is operating ; 
Rg. 18 is a block diagram of an optical transmitter practiced as a fourth embodiment of the invention; 
Rgs. 19A through 19G are views of waveforms generated by the optical transmitter of Rg. 18 as it is operating; 
Rg. 20 is a plan view of an optical modulator for use with an optical transmitter practiced as a f iftii embodiment of 
5 the Invention; 

Rg. 21 is a cross-sectional view taken on line B-B of the optical modulator of Fig. 20; 

Rgs. 22A and 22B are views showing how optical coupling is accomplished at a directionally coupled part in con- 
nection with the invention; 

Rg. 23 is a view depicting how optical transmission paths are switched in the optical modulator of Fig. 20; 
10 Rg. 24 is a plan view of an optical modulator for use with an optical transmitter practiced as a sixth embodiment of 
the invention; 

Rg. 25 is a cross-sectional view taken on line C-C of the optical modulator in Fig. 24; . 

Rg. 26 is a plan view of an optical modulator for use with an optical transmitter practiced as a seventh embodiment 
of the invention; 

15 Rg. 27 is a plan view of an optical modulator for use with an optical transmitter practiced as an eightii embodiment 
of the invention; and 

Rg. 28 is a plan view of an optical modulator for use with an optical transmitter practiced as a ninth embodiment of 
the invention. 

20 DESCRIPTION OF THE PREFERRED EMBODIMENTS: 

The preferred embodiments of the invention will now be described in detail with reference to the accompanying 
drawings. 

Rg. 1 is a plan view of a Mach-Zehnder optical modulator that may be used to practice tiie invention, and Fig. 2 is 
25 a cross-sectional view taken on line A- A of that optical modulator. The optical modulator comprises a Z-cut type LiNbOa 
substrate into which titanium (Ti) is thermally dispersed to form optical waveguides thereon. The optical waveguides are 
loaded witii elect-odes. The optical waveguides formed on the sutjstrate 2 include an input port 4 tiiat receives light from 
a light source, not shown; a pair of branching waveguides 6 and 8 which transmit the light from the input port 4 after 
branching the received light in two. directions; and an output port 10 that converges the branched light transmitted 
30 through the branching waveguides 6 and 8. The branching waveguides 6 and 8 are loaded respectively witii a signal 
electrode 12 and a bias electrode 16. Reference numeral 14 indicates a grounding electrode located close to the signal 
electrode 12. while refererrce numeral 18 is a grounding electrode furnished close to the bias electrode 16. Although a 
buffer layer 20 composed primarily of SiOa is formed between each electrode and the substrate 2, this layer is omitted 
from Fig. 1 so as to maintain the visibility of other key components. 
35 A driving signal is applied across the signal electrode 12 to the grounding electrode 14. and a bias voltage is fed 
between the bias electrode 16 and the grounding electrode 18. The signal electrode 12 is built as a traveling-wave type 
that allows the electric field of the driving signal to travel in the same direction as that of the light through the branching 
waveguide 6. The driving signal is supplied from an upstream edge 1201 of the signal electrode 12. A downstream edge 
1202 of the signal electrode 12 is provided with a terminating resistor, to be described later. Built as a traveling-wave 
40 type, tiie signal electrode 12 permits appreciably higher modulation than electrodes of other types. Because the sut>- 
strate of this example is a Z-cut type, the branching waveguides 6 and 8 are loaded from directly above with the signal 
electrode 12 and bias electrode 16, respectively, with the grounding electrodes 14 and 18 located close to the elec- 
• trodes 12 and 16, respectively. This arangement permits effective application of the electric fiekJ to the brariching 
waveguides 6 and 8. Where the subst-ate is rnade of ZKXrt UNbOs, the electric field is applied effectively to the branch- 
es ing waveguides in the manner described below. 

Rg. 3 is a cross-sectional view of another optical modulator that may be used to practice the invention. In this exam- 
ple, the branching waveguides 6 and 8 are loaded from directiy above with the signal electi-odes 12 and 1 6, respectively, 
and a common grounding electrode 22 is formed on the back side of the substrate 2. Forming the signal elecb-ode, bias 
electrode and grounding electrode on different planes as illustrated still affords necessary phase change to the light 
so transmitted tiirough the branching waveguides. 

Rg. 4 is a plan view of another optical modulator that may be used to practice the invention. While the typical optical 
modulators desaibed so far have one of the two branching waveguides loaded with the signal electrode and the other 
loaded with the bias electrode, this optical modulator has one of the branching waveguides 8 loaded with the signal 
electrode 12 and bias electrode 16 and has the other branching waveguide 6 furnished witii the grounding electrodes 
55 1 4 and 1 8 corresponding respectively to the signal electrode 1 2 and bias electrode 1 6. 

Where the signal electrode is insulated from tiie bias electrode as described, there may be various modes to 
choose from in which to construct the signal and bias electrodes. H optical waveguides are formed on a crystal plane 
other than the Z-cut plane of UNbOa. the electode layout may be varied so as to permit optimally effective application 
of the electric fiekJ. For example, the elecfrodes may be formed alongside of tiie branching waveguides. 
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The mutually isolated signal electrode and bias electrode characterize the Mach-Zehnder optical modulator. The 
advantages of this type of modulator are highlighted illustratively by describing the operating characteristic of an ordi- 
nary optical modulator in which the signal and bias electrodes are integrally furnished. One such ordinary optical mod- 
ulator may be the one in Fig. 4 minus the bias electrode 16 and grounding electrode 18. 

£ Fig. 5 illustrates the input/output characteristic of a typical Mach-Zehnder optical modulator. In Rg. 5. reference 

numeral (1) indicates the characteristic in effect before an operating point drift occurs, and reference numeral (2) points 
to the characteristic in effect after an operating point drift has occurred. The operating point drift refers to a drift in the 
direction of voltage increase or decrease along the operation characteristic curve indicating the relationship between 
output light power and driving voltage. As depicted, the operation characteristic curve of the Mach-Zehnder optical 

10 modulator has periodicity with respect to the voltage change. Thus the use of driving voltages Vq and Vi for which the 
output light power is both minimized and maximized permits efficient binary modulation. With the optical signal output 
by that Mach-Zehnder optical modulator, the driving voltages Vq and Vi staying constant upon occurrence of an oper- 
ating point drift cause waveform distortion and extinction ratio deterioration due to the above-mentioned periodicity. 
Where the operating point drift is represented by dV, the drift should preferably be compensated by calculations of Vq 

J5 + dV and + dV. where Vq and are the driving voltages. One known method for controlling the operating point in 
compensation for its drift is described illustratively in Japanese Patent Laid-Open No. 49-42365. This method involves 
driving the optical modulator by superimposing a low-frequency signal onto one of the two logic levels of a driving sig- 
nal. The operating point is then controlled by use of the phase of the low-frequency signal detected from the optical sig- 
nal output However, in the case of asymmetrical modulation involving the superimposing of the low-frequency signal 

20 onto one of the two logic levels of the driving signal (here, "modulation" refers not to the modulation for signal transmis- 
sion but to the modulation based on a low-frequency signal for operating point control), the optimum operating point 
may not be maintained if the rise time or fall time of the input signal is significantly long (the reason for this will be dis- 
cussed later in quantitative terms). As disclosed in Japanese Patent Laid-Open No. 3-251815, there is a prior art 
method of symmetrical modulation for operating point control whereby waveform distortion of the output optical signal 

25 and extinction ratio deterioration following the operating point drift are prevented without regard to the input signal. How 
the symmetrical modulation method is practiced and how it works will be described below in detailed quantitative terms 
because a study of this method is deemed indispensable for better understanding tiie advantages of the present inven- 
tion. 

Fig. 6 is a block diagram of an optical transmitter used to implement symmetrical modulation. In Fig. 6, a Mach-Zeh- 

30 nder optical modulator 26 having a signal electrode 12 is supplied with light from a light source 24. The output light from 
the optical modulator 26 is branched in two directions by an optical branching circuit 28. One of the two light streams 
branched by the optical branching circuit 28 is used as an optical signal output, and the otiier light stream is converted 
to an electi^ical signal by an optical-to-electrical signal converter 30. A low-frequency superimposing circuit 36 superim- 
poses a low-frequency signal from an oscillator 34 onto a driving signal from a driving circuit 32. After the superimpos- 

35 ing of the low-frequency signal, the driving signal is fed to the signal electrode 1 2 via a capacitor C of a bias tee 38. The 
output terminal of the signal electrode 12 is connected via a capacitor C of a bias tee 40 illustratively to a 50-ohm ter- 
minating resistor 42. A phase detecting circuit 44 compares in phase the frequency component of the low-frequency 
signal in the electrical signal from the optical-to-electrical signal converter 30 with the low-frequency signal from tiie 
oscillator 34. The phase detecting circuit 44 then outputs a DC signal whose polarity is determined by the direction of 

40 the operating point drift and whose level depends on the magnitude of the drift. A bias control circuit 46 provides feed- 
back comrol on the bias voltage to the signal electrode 12 in such a way that the DC signal coming from the phase 
detecting circuit 44 becomes zero. 

As indicated by (a) in Fig. 7. the waveform of the driving signal to be converted to an optical signal by the Mach- 
Zehnder optical modulator 26 shows that low-frequency signals are superimposed opposite to each other in phase on 

45 the space side and the mark side of the driving signal (i.e., symmetrical modulatiori). When this driving signal drives the 
optical modulator 26 having input/output characteristic (operation characteristic curve) indicated by (b) in Fig. 7. tiie 
optical modulator 26 yields an output optical signal. As illusb-ated by (c) in Fig. 7, this output optical signal is a signal 
that is anplitude-modulated with a signal having a frequency of 2 fo (fo is the frequency of the low-frequency signaO- 
Where there is no operating point drift, the driving voltages Vq and matching the two logic levels of the input signal 

so con-espond to the minimum and maximum values located adjacent to one another along tiie operation characte-istic 
curve. Thus in the output optical signal, the envelope on the space side becomes opposite in phase to the envelope on 
the mark side, and the frequency of the superimposed component is 2 fo- It follows that the frequency component of fo 
is not detected from the output of the optical -to- el ecb-ical signal converter 30. But if an operating point drift occurs, the 
space-side envelope and the nrark-side envelope in the output optical signal become in phase with each other, as 

£5 depicted in Figs. 8 and 9. The mean power of the output optical signal varies at a frequency fo depending on ttie above- 
desaibed in-phase modulation. The phase of the frequency component fo becomes 180 degrees different In accord- 
ance with the direction of the operating point drift. Thus from the output of the phase detecting circuit 44 emerges the 
DC signal whose polarity is determined by the phase difference between the frequency component fo and the low-fre- 
quency signal from the oscillator 34 and whose level depends on the magnitude of the operating point drift. In accord- 
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ance with the signal reflecting the operating point drift, the bias control circuit 46 controls the bias voltage in such a 
manner that the frequency component fo is not included in the output optical signal, with ths result that the operating 
point drift is optimally compensated. 

The operating principle of operating point control based on symmetrical modulation will now be described in quan- 
5 titative terms. Suppose that the amplitude of the driving signal is given as 



V7i(=!Vo-V,|) 

Suppose also that P{V) represents the power of the output optical signal normalized with its peak value, and that V 
10 denotes the driving voltage normalized with Vn . Then the input/output characteristic of the optical modulator 26 is given 
as 



P(V)=.(1-cos(7i(V-Vd)))y2 (1) 

15 where. Vd is the operating point drift voltage normalized with Vn . Suppose that the driving signal is annptitude-modu- 
lated with a modulation factor mby use of a low-frequency signal having a frequency of f q (= oo/2n) . If this modulation 
is symmetrical modulation, the driving voltages Vq and Vi corresponding respectively to the logic levels of 0 and 1 of 
the input signal are given as 

DO Vo = msin(o>ot) (2) 

V, = l-msin(a)ot) (3) 

tf the modulation factor m is sufficiently small, those power levels Pq and Pi of the output optical signal which corre- 
25 spond to the two logic levels are given by the following approximate expressions: 



Po = P(Vo) (4) 
= (1-cos{nVd) - nmsin(a)ot)sin(nVd))/2 



30 

Pi =P(Vi) 



(5) 

= (1+cos(TcVd) - nmsin(Q)ot)sin(TcVd))/2 



35 In addition, the following approximate expression gives the mean power P2 of the output optical signal at a rise time and 
a fall time of the input signal: 

40 ^ 1 ^0 

= iy2-cos(7tVo)sin(75Vd)/(rt(1-2Vo)) 
= l/2-((1+2msin(coot))/n)sin(7cVd) 

45 • ' ' ' 

Fig. 10 illustrates typical probabilities of occurrence of the space portion (Pq), mark portion (P^). and leading and 
trailing portion (P2) of an eye pattern. In Fig. 10, M denotes the mark rate of the input signal, and /represents the con- 
stant that defines the relationship between the bit rate ft> of the input signal on the one hand, and the rise and fall time 
(= r(1^b)) oi the input signal on the other. The expression below calculates the power P^^ of the output optical signal 

50 averaged over a time suffidentty shorter than the period of the low-frequency signal (= IAq) by use of the probabilities 
of occurrence in Fig. 10: 

Pav =^ (r(1-M)^+(1-r)(1-M))Po +(rf^^+(1-r)M)P i+2r(1.M)MP2 (7) 
55 KoPq+K^P i+KgPg 

where, Kq, and K2 are proportional constants. The following expression calculates the component P of the frequency 
fo of the low-frequency signal contained in the power Pav of the output optical signal: 
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P = - {{(r(l-M)%(1-r)(1-M)) +(rM ^+(1-r)M))(iiy2) +2r(l-M)M(7i/2)} xmsin(;tVd)sin{a)ot) (8) 

Thus the component P of the frequency fo has a phase difference of 180 degrees depending on the direction of the 
operating point drift (i.e., polarity of Vd). If the frequency corrponent P is multiplied by a reference frequency s/n/'toot). a 

5 positive or negative DC conrtponent may be detected depending on the direction of the operating point drift. That is. 
maintaining the DC component to zero allows the operating point to be held optimum. From Expression (8). P - 0 if Vd 
= 0. In this manner, the operating point is controlled optinr^lly without regard to the mark rate M and the rise/fall time r 
varying with the waveform of the input signal. 

The operating principle of operating point control based on asymmetrical modulation may be described in the same 

10 quantitative terms as with symmetrical modulation. What follows is a description of major differences between the two 
kinds of modulation, and any repetitive desaiptions will be omitted. In the case of asymmetrical modulation. Expres- 
sions (2). (4). (6) and (8) are replaced respectively with the following expressions: 



15 



20 



30 



35 



Vo=0 (2) 
Po = (1-COS(nVd))/2 (4) 



Vi 

1 



1 sin(7i(V,-Vd))+sin{TtVd) 



(6) 



2 2nW^ 

25 =.l-5in(l^.n(ncos(nVd)+2sin(7iVd))sin(c^otH1/2)cos(riVd) 
2 n 2tc 

P = - {K 1 (rc/2)sin(nVd)+K2(1/2Ti) (ncos(TcVd)+2sin(TcVd))} xmsin(coQt) {8) 
= Kmsin(TiVd+8)sin((Uot) 



Values K and 6 in Expression (S*) are given by the following expressions: 

K = ((K2/2) ^+(nK i/2+K2/rt) ^) 
e = tan*\nK2/(n^Ki+2K2)) 



Thus in the case of asymmetrical modulation, P = 0 only when sin[n Vd + 9) = 0 . as evident from Expression (8'). 
The stable point is shifted by -e/rt from the optimum operating point. This can lead to waveform distortion and extinction 

40 ratio deterioration depending on the hse time, fall time and mark rate of the input signal. 

In the optical transmitter of Fig. 6, the driving signal with the low-frequency signal superimposed thereon is supplied 
via the capacitor C to the signal electrode 12 of the optical modulator 26 for two objectives. One objective is to prevent 
the DC bias voltage fed to the driving circuit 32 from adversely affecting the stable performance of the transmitter. The 
other objective is to acquire a symmetrica! driving waveform as indicated by (a) in Fig. 7, the waveform being specific 

45 to symmetrical modulation. A symmetrical driving waveform is obtained by causing the driving signal with the low-fre- 
quency signal simply superimposed thereon to pass through the capacitor 0 so as to remove the low-frequency com- 
ponent 

The removal of the capacitor brought about by the invention is effective in preverrting the deterioration of the signal 
waveform caused by an insufficient frequency characteristic of the capacitor. Another benefit of the absence of the 

£0 capacitor is the ability derived therefrom to prevent the deterioration of the signal waveform in case the mark rate 
abruptly changes. More specifically, where operating point control is effected based on symmetrical modulation, the 
operating point is controlled to be optimum even if the mark rate is other than 1/2. Thus if the change in the mark rate 
is sufficiently delayed compared with the time constant of an operating point control loop, the signal waveform does not 
deteriorate. However, the signal waveform does deteriorate in case of a nnarkrate change that may occur approxinnately 

55 between the time constant of the operating point control loop and the time constant con-esponding to the frequency cut 
off by the capacitor. This is where the removal of the capacity is called for. 

Fig. 1 1 is a block diagram of an optical transmitter practiced as the first embodiment of the invention. In Fig. 11 . 
reference numeral 48 is a Mach-Zehnder optical modulator having a signal electrode 12 and a bias electrode 16. This 
modulator has the same structure as that in Fig. 1 . A distributed feedback laser diode 50 serves as the light source. The 
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light from the laser diode 50 is fed to the optical modulator via an optical isolator 52. The light from the optical modulator 
48 is branched in two directions by an optical branching circuit 28 composed primarily of an optical coupler arrange- 
ment. One of the branched light streams is transmitted as the optical signal output over an optical transmission path, 
not shown. The other light stream from the optical branching circuit 28 goes to an opticai-to- electrical signal converter 
30 comprising a photo-diode arrangement for conversion to an electrical signal. After conversion, the electrical signal 
is amplified by an amplifier 64 before reaching a phase detecting circuit 44. Reference numeral 54 is an amplifier circuit 
that acts as a driving circurt. The amplifier circuit 54 amplifies the input signal and outputs the result as a driving signal 
having a predetermined amplitude. Reference numeral 56 is an amplitude modulating circuit that serves as a low-fre- 
quency superimposing circuit for supei-irrposing a low-frequency signal onto the driving signal from the amplifier circuit 
54, A low-frequency signal from an oscillator 34 is supplied to the amplitude modulating circuit 56 via a variable resistor 
58. The frequency of the low-frequency signal is set to be sufficiently lower (e.g., 100 kHz) than the frequency corre- 
sponding to the bit rate of the input signal. The variable resistor 58 adjusts the ntodulation factor of the amplitude mod- 
ulation based on the low-frequency signal. The phase detecting circuit 44 compares in phase the frequency component 
of the low-frequency signal in the electrical signal from the optical -to-electrical signal converter 30 with the low-fre- 
quency signal from the oscillator 34. The phase detecting circuit 44 then outputs a DC signal whose polarity is deter- 
mined by the direction of the operating point drift and whose level depends on the magnitude of the drift. The phase 
detecting circuit 44 includes a synchronous detecting circuit 60 and a low-pass filter 62. Reference numeral 66 is an 
operational amplifier that serves as a bias control circuit. The operational amplifier 66 feeds a bias voltage to the bias 
electrode 1 6 of the optical modulator 48 in such a manner that the supplied DC signal becomes zero. In this first embod- 
iment wherein the driving signal is fed direct to the signal electrode 12, i.e.. without passage through a capacitor, a sym- 
metrical driving waveform is not obtained. To implement symmetrical modulation requires superimposing a low- 
frequency signal onto the bias voltage supplied to the bias electrode 16. Specifically, the low-frequency signal from the 
oscillator 34 is sent to the bias electrode 16 by way of the variable resistor 68 and a coupling capacitor 70. 

How the optical transmitter of Fig. 1 1 works will now be described. Because the advantages of symmetrical modu- 
lation have already been discussed in quantitative terms, what follows is a qualitative description of how symmetrical 
modulation is implemented based on the structure of Fig. 1 1 . 

Figs. 12A through 12E are views of waveforms generated by the optical transmitter of Fig, 1 1 when the transmitter 
is in operation. Fig. 12A shows a waveform of the driving signal as it is fed to the signal electrode 12. with Vs and O's 
alternated. Fig. 12B depicts a waveform of the bias voltage as It Is supplied to the bias electrode 1 6. Fig. 12C illustrate 
an optical phase change <|»i of the branching waveguide 6 loaded with the signal electrode 12. Fig. 12D portrays an opti- 
cal phase change <>2 branching waveguide 8 loaded with the bias electrode 16. Fig. 12E shows an optical phase 
difference (<>, - <|>2) between the light streams from the branching waveguides 6 and 8 as the light streams converge. As 
illustrated in Fig. 128, an AC signal in phase with the low-frequency signal and having a predetermined amplitude is 
superimposed onto the DC bias voltage. The amplitude of this AC signal is determined in such a way that the amplitude 
of the space-side envelope becomes the same as that of the mark-side envelope in the waveform of the phase differ- 
ence between the converging light streams from the branching waveguides 6 and 8. as shown in Fig. 12E. The ampli- 
tude of the low-frequency signal superimposed onto the driving signal and the amplitude of the AC signal superimposed 
onto the bias voltage may be adjusted using the variable resistors 58 and 68 in Rg. 1 1. Where the optical modulator of 
Fig. 4 is used in which either of the branching waveguides 6 and 8 is loaded with the signal electrode 1 2 and bias elec- 
trode 16. the sum of the optical phase change caused by the signal electrode 12 and the optical phase change brought 
about by the bias electrode 16 corresponds to the optical output power Thus the AC signal superimposed onto the bias 
voltage is set opposite in phase to the low-frequency signal superimposed onto the driving signal. Superimposing an 
AC signal having a predetermined phase and a predetermined amplitude onto the bias voltage implements symmetrical 
modulation on the same principle as wHh the optical transmitter of Fig. 6. That is, the operating point is controlled opti- 
mally without regard to the mark rate of the input signal and other parameters. Because the driving signal is fed to the 
signal electrode 12 without the intervention of a capacitor and because the signal electrode 12 and the terminating 
resistor 42 are connected in a DC setup, the signal waveform will not deteriorate even if the mark rate of the input signal 
changes abruptly. 

Rg. 13 schematically depicts key parts of an optical transmitter practiced as the second embodiment of the inven- 
tion. Whereas the first embodiment of Rg. 1 1 has only one signal electrode 1 2. the second embodiment comprises sig- 
nal electrodes 12A and 12B which con-espond respectively to the branching waveguides 6 and 8. Bias electrodes 16A 
and 1 6B are provided so as to apply bias voltages to the branching waveguides 6 and 8. respectively Reference numer- 
als 72 and 74 are grounding electrodes: 76 is a driving circurt: 78 is an inverting circurt : 80 and 82 are transistors con- 
stituting a differential amplrtier: 84 is a current source; 86 is an operational amplifier; and 88 and 90 are resistors. The 
grounding electrodes 72 and 74 are interconnected, although the connection is not shown in Rg. 13. The driving circuit 
76 is connected in a DC setup to the terminals on one end of the signal electrodes 12A and 12B. A terminating resistor 
42A is furnished in a DC setup ttetween the signal electrode 12A and the grounding electrode 72, and a terminating 
resistor 42B is provided also in a DC setup between the signal electrode 12B and the grounding electrode 74. A bias 
voltage Vb for operating point control is fed to the bias electrode 1 6A. and a bias voltage inverted by the inverting circuit 
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78 is applied to the bias electrode 16B. Thus supplying the signal electrodes 12A and 12B with driving signals causes 
the electric field between signal electrode 12A and grounding electrode 72 to be sent to the branching waveguide 6, 
and also causes the electric field between signal electrode 12B and grounding electrode 74 to be fed to the branching 
waveguide 8. Likewise, giving the bias voltages to the bias electrodes 16A and 16B causes the electric field between 

£ bias electrode 16A and grounding electrode 72 to be supplied to the branching waveguide 6. and causes the electric 
field between bias electrode 16B and grounding electrode 74 to be applied to the branching waveguide 8. Because the 
gates of the transistors 80 and 82 are supplied respectively with an input signal Vjn and an inverted input signal *Vjn and 
because the signal electrodes 12A and 128 are connected in a DC setup to the drains of the transistors 80 and 82 
respectively, the signal electrodes 12A and 12B are fed with driving signals that are opposite to each other in phase. 

70 With a low-frequency signal fed to the current source 84 to which a voltage E is applied, the driving signal coming 
from the driving circuit 76 and corresponding to the input signal is modulated by the low-frequency signal F^^- The light 
supplied to the input port 4 from a light source, not shown, is modulated in phase in accordance with the driving signals 
while being transmitted through the branching waveguides 6 and 8. At the output port 10, the two tight streams con- 
verge in phase or opposite to each other in phase. This reinforces or cancels the intensity of the two light streams, yield- 

75 ing an intensity-modulated light beam. Where the low-frequency signal is superimposed onto the driving signals and 
where the operating point of the optical modulator is kept optimum, the resulting light beam is one which is modulated 
in amplitude with a frequency twice the frequency fm of the low-frequency signal Fm. Thus the modulated light is rid of 
the conponent of the low-frequency signal F^. Because an operating point shift of the optical modulator will cause the 
component of the low-frequency signal F^^ to be included in the modulated light, the bias voltage Vb is applied so as to 

20 minimize the component of the low-frequency signal F.^. In this manner, the operating point is kept optimum. 

Fig. 14 is a block diagram of the entire optical transmitter of Fig. 13. In addition to the structure of Fig. 13, the optical 
transmitter of Fig. 14 further includes a distributed feedback laser diode 50 that serves as the light source, an optical 
isolator 52, an optical branching circuit 28, an optical -to- electrical signal converter 30, an amplifier 64. a synchronous 
detecting circuit 60, a lowi>ass filter 62. a proportional circuit 92. and an oscillator 34. The proportional circuit 92 con- 

25 tains an operational amplifier 66 and resistors 94 and 96. The optical -to- electrical signal converter 30. amplifier 64. syn- 
chronous detecting circuit 60. low-pass filter 62. proportional circuit 92. inverting circuit 78 and oscillator 34 constitute 
operating point control rheans. A current source 84 in a driving circuit 76 serves as a low-frequency superimposing cir- 
- cuit. 

The light from the laser diode 50 is fed to the input port 4 of the optical modulator via the optical isolator 52. The 

20 output port 1 0 of the optical modulator outputs modulated light. Part of the modulated light is branched by the optical 
branching circuit 28 and is sent to the optical -to-electrical signal converter 30 for conversion to an electrical signal. After 
conversion, the electrical signal is synchronously detected by the synchronous detecting circuit 60 using a low-fre- 
quency signal from the oscillator. The synchronously detected signal is output as a DC signal. The DC signal is supplied 
to the proportional circuit 92 via the low-pass filter 62. A bias voltage Vb output by the proportional circuit 92 is fed 

35 unmodified to a bias electrode 1 6A. A bias voltage inverted by the inverting circuit 78 is supplied to a bias electrode 1 6B. 
Figs. ISA through 1 5G are views of waveforms generated by the optical transmitter of Fig. 1 4 when the transmitter 
is in operation. Fig. ISA shows a waveform of an input signal Vjn with 1 's and O's alternated; Fig. 15B depicts a wave- 
form of a low-frequency signal F^n; Fig. 15C portrays a waveform of a driving signal fed to one of the signal electrodes 
12 A; Fig. 15D illustrates a waveform of a driving signal supplied to the other signal electrode 128; Fig. 15E is a wave- 

40 form of an output phase <|>i of one of the branching waveguides 6; Fig. 1 5F shows a waveform of an output phase 4>2 of 
the other branching waveguide 8; and Fig. 15G sketches a waveform of the phase difference (<>i - ^ between the opti- 
cal outputs from the branching waveguides 6 and 8. As evident from Figs. 15C and 15D. the driving signal fed to the 
signal electrode 12A is opposite in phase to the driving signal sent to the signal electrode 128. As shown in Fig. 15G. 
the phase difference (<l>i - 4>2) between the optical outputs from the branching waveguides 6 and 8 is in fact the phase 

45 difference between zero and n. The center of that phase difference is given as (({>io - ^o). where <l)-,o and ^ are refer- 
ence phases for the optical outputs of the brancNng waveguides 6 and 8. respectively. When these optical outputs con- 
verge on the output port 1 0. an intensity-modulated light beam is obtained. 

The second embodiment shown in Fig. 13 or 14 supplies the signal electrodes 12A and 128 with driving signals 
that are opposite to each other in phase so as to create a predetermined phase difference (zero or n) between the trans- 

£0 mitted light outputs from the branching waveguides 6 and 8. This lowers the driving voltage of the optical modulator and 
virtually eliminates the chirping thereof Because the second embodiment of Fig. 14 implements symmetrical modula- 
tion with no need for a capacitor as in the case of the first embodiment of Fig. 1 1 . the second embodiment provides sta- 
ble operating point control against any abrupt change in the mark rate and improves the signal waveform. 

Fig. 16 is a block diagram of an optical transmitter practiced as the third embodiment of the invention. The third 

£5 emtxxliment differs from the second embodiment of Fig. 14 in the following aspects: One of the transistors 82 in the 
differential anrtplrfier of the driving circuit 76 outputs a driving signal that is attenuated by an attenuator 98 before being 
fed to the signal electrode 128. An inverted bias voltage from the inverting circuit 78 is supplied via a resistor 100 to the 
bias electrode 168 on the same side as the signal electrode 128. In addition, the bias electrode 168 Is supplied through 
a coupling capacitor 102 with a low-frequency signal from the oscillator 34. 
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Rgs. 1 7A through 1 7H are views of waveforms generated by the optical transmitter of Fig. 1 6 when the transmitter 
is in operation. Fig. 17A shows a waveform o1 an input signal Vj,, with I's and O's alternated; Fig. 17B depicts a wave- 
form of a low-frequency signal Fm'. Fig, 1 7C portrays a waveform of a driving signal fed to the signal electrode 12 A; Rg. 
17D illustrates a waveform of a driving signal supplied to the signal electrode 12B; Fig. 17E is a waveform of a low-fre- 

5 quency signal fed to the bias electrode 16B; Fig. 17F shows a waveform of the phase (t>i of the output light from the 
branching waveguide 6; Rg. 17G illustrates a waveform of the phase <>2 of the output light from the branching 
waveguide 8; and Fig. 17H sketches a waveform of the phase difference (<{>i - between the optical outputs from the 
branching waveguides 6 and 8. The amplitude of Fig. 17C is set to be greater than that of Fig. 15C so that the sum of 
the amplitude of Fig. 17C and that of Fig. 17D will equal the sum of the amplitude of Rg. 15C and that of Fig. 15D. As 

10 shown in Fig. 1 7D. the driving signal fed to the signal electrode 1 28 is attenuated by the attenuator 98. Thus the change 
in the phase <t>2 of the output light from the branching waveguide 8 becomes smaller than the change in the phase 4>i of 
the output light from the branching waveguide 6. as indicated in Fig. 17G. With the low-frequency signal supplied to the 
bias electrode 168. the phase <>2 varies depending on that low-frequency signal. As shown in Fig. 1 7H, the phase dif- 
ference ((1)1 - (t>2) between the optical outputs from the branching waveguides 6 and 8 falls between zero and n. and the 

IS output port 10 outputs an intensity- modulated light beam. As with the second embodiment of Fig. 14. the third embod- 
iment permits stable operating point control against the change of the nnark rate, reduces the waveform deterioration, 
and lowers the driving voltage of the optical modulator. In contrast to the second embodiment of Fig. 14, the third 
erT±>odiment keeps unbalanced its driving signals that are fed to the signal electrodes 12A and 12B so that chirping is 
created in the light output by the optical modulator. This cancels the adverse effects of wavelength dispersion over opti- 

20 cal fiber cables where the polarity of the dispersion is predetermined. 

Rg. 18 is a block diagram of an optical transmitter practiced as the fourth embodiment of the invention. As opposed 
to the second embodiment of Fig. 14, the fourth ennbodiment is characterized by the provision of mutually independent 
driving circuits 76A and 76B that feed driving signals to signal electrodes 12A and 12B. The gates of transistors 80A 
and 82 A constituting a differential amplifier in the driving circuit 76A are supplied respectively with an input signal Vjn 

25 and an inverted input signal *Vjn. The drain of the transistor 80 A is connected in a DC setup to the signal electrode 1 2A. 
The gates of transistors 808 and 82B constituting a differential amplifier in the driving circuit 76B are fed respectively 
with the input signal Vjp and the inverted input signal *Vjn. The drain of the transistor 80B is connected in a DC setup to 
the signal electrode 128. The low-frequency signal F^ from the oscillator 34 is applied to two current sources: one cur- 
rent source 84 A for the transistors 80 A and 82 A. tiie other currient source 848 for the transistors 80 B and 828. When 

30 the driving circuits 76A and 768 are designed to have the same characteristics, the optical transmitter of Rg. 1 8 works 
in the same way as that of Fig. 14. Where the driving circuits 76A and 76B are made to differ from each other in char- 
acteristics through the use of such parameters as the maximum current values of the current sources 84A and 848, 
chirping is deliberately created. 

Rgs. ISA through 19G are views of waveforms generated by the opticaJ transmitter of Fig. 18 when the transmrtter 

35 is in operation. Fig. 19A shows a waveform of an input signal Vjn with 1 's and O's alternated; Fig. 1 98 depicts a wave- 
form of a low-frequency signal F^,; Fig. 1 90 portrays a waveform of a driving signal fed to the signal electrode 1 2A: Rg. 
19D illustrates a waveform of a driving signal supplied to the signal electrode 12B; Fig. 19E shows a waveform of the 
phase <t>i of the output light from the branching waveguide 6; Fig. 1 9F illustrates a waveform of the phase ^2 o^' 
put light from the branching waveguide 8; and Fig. 19G sketches a waveform of the phase difference (4>i - ^) between 

40 the optical outputs from the branching waveguides 6 and 8. These waveforms are in effect when the driving circuits 76A 
and 76B differ from each other in characteristics. As with the second emtxxliment of Fig. 14, the fourth embodiment per- 
mits stable operating point control against the abrupt change of the mark rate, improves the waveform deterioration, and 
lowers the driving voltage of the optical modulator. Because two mutually oidependent driving circuits are provided, the 
same transmitter structure is capable of addressing both the provision of chirping and the removal thereof.. Thus tiie 

45 optical transmitter in an optical transmission system is readily optimized in characteristics by taking into account the 
characteristics of the target optical f toer for optical signal b-ansmission. As described, the first through the tourtii embod- 
iments of the invention provide an optical transmitter that performs stable modulation based on high-speed input signals 
of at least several Gb/s. 

Described below are other preferred emtxxJiments particularly suited for reducing tiie driving voltage of the optical 
so modulator. Generally the Mach-Zehnder optical modulator utilizing the phase change of tiie transmitted light tiirough 
branching waveguides is not necessarily noted for a significant amount of phase change (i.e.. phase nrtodulation effi- 
ciency) with respect to ttie unit voltage applied to the branching waveguides. It follows that tiiis type of optical modulator 
may have to possess a high driving voltage characteristic so as to inplement modulation at a desired intensity level. 
Altiiough the driving voltage nnay be lowered by constructing elongated branching waveguides, that construction leads 
55 to a bulky optical modulator. Because the phase modulation efficiency of the branching waveguides varies with polari- 
zation modes of the transmitted light, it is necessary to enter tiie light of one of two polarization modes (generally the 
mode of the higher phase modulation efficiency). This requires a complicated optical arrangement. Such dependency 
on tiie polarization mode is eliminated conventionally by setting the driving voltage of the optical modulator in such a 
manner that the driving voltage for turning on and off the optical nxxdulator in one polarization mode will coincide with 
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the driving voltage for turning on and off the optical modulator in the other polarization mode. However, driving voltages 
for meeting the above requirement are generally too high to be practical. Furthermore, once the driving voltage is estab- 
lished, the optical modulator can only operate on a specific optical wavelength because the operating conditions of the 
optical modulator vary with the wavelength of the light used. 

£ Accordingly, an object of the embodiments described below is to provide an optical transmitter having an optical 

modulator which has low driving voltage levels and which is conducive to being downsized. Another object of the 
embodiments that follow is to provide an optical transmitter having an optical modulator which has low driving voltage 
levels and which is free from the dependency on any polarization mode. A further object of the embodiments below is 
to provide an optical transmitter having an optical modulator which has low driving voltage levels and which operates 

70 on diverse wavelengths of the signal light. 

At least one of the objects alDOve will be achieved by any one of the fifth through the ninth embodiments of the 
invention to be described below. 

Fig. 20 is a plan view of an optical modulator for use with an optical transmitter practiced as the fifth embodiment 
of the invention, and Fig. 21 is a cross-sectional view taken on line B-B of the optical modulator in Fig. 20. Reference 

15 numeral 101 is a waveguide substrate made of such ferroelectric electro-optical substance as LiNbOs or LiTaOs- A 
dopant such as titanium (Ti) is thermally dispersed onto the surface of the waveguide substrate 101 so as to create an 
optical waveguide arrangement made of two Y-shaped branches combined as shown. The optical waveguide arrange- 
ment comprises an input-side optical waveguide 102, a first branching portion 104 that branches in two directions the 
light transmitted through the input-side optical waveguide 102, a first and a second branching waveguide 106 and 108 

so both carrying the branched light, a second branching portion 1 1 0 that converges the branched light streams, and an 
output -side optical waveguide 1 12 that transmits the converged light. The first and the second branching waveguides 
106 and 108 are loaded respectively with a first and a second loaded electrode 1 14 and 116. Tne input terminals 1 14a 
and 1 16a of the loaded electrodes 114 and 1 1 6 receive input signals of, say, the microwave band. The output terminals 
11 4b and 1 16b of the loaded electrodes 1 14 and 1 16 are connected illustratively to a 50-ohm terminating resistor each, 

25 not shown. Reference numeral 118 is a curved delay optical waveguide located alongside of the first branching 
waveguide 106. Both ends of the delay optical waveguide 1 18 approach the first branching waveguide 106 in a parallel 
manner, forming directional couplings 120 and 122 respectively The coupling ratio of the directional couplings 120 and 
122 is controlled using control electrodes 124 and 126 attached to these couplings of the delay optical waveguide 118. 
As shown in Fig. 21 in more detail, each electrode is loaded on the optical waveguides with a buffer layer 128 furnished 

30 therebetween. The buffer layer 128 is not shown in Fig. 20 in order to maintain the visibility of other key components. 
As with the loaded electrodes 1 14 and 1 16, the control electrodes 124 and 126 are built as a traveling -wave type each. 

Below is a description of how the coupling of optical power takes place at the directional couplings 120 and 122. 
Consider the case of Fig. 22 A in which two optical waveguides are furnished close to ar>d in parallel with each other. In 
this case, assume that the two waveguides are called a first waveguide 130 A and a second waveguide 130B and that 

35 the first and the second waveguides transmit light in a first and a second mode, respectively The amplitudes of the first 
and the second modes are values and ag normalized in such a way that each of these values in absolute notation, 
when doubled, equals the mode power. Assume also that n^ and nb denote the refractive indices of the first and the sec- 
ond waveguides 130A and 130B and that n^ represents the refractive index of the cladding portion. When the direction 
of light transmission is taken on the Z-axis. the following expressions calculate infinitesimal changes Aai and Aaa of the 

40 mode amplitudes ai and 32 in effert when light is transmitted over an infinitesimal distance of az: 

Aai = -iPiAza^+Cijaa^z ("''') 

45 ■ ■ ' ' ■ ■ • . 

where, pi is the transmission constant of the first mode, p2 is the transmission constant of the second mode, Ci2 is the 
coupling coefficient that applies across the second mode to the first mode, and C21 is the coupling coeffk;ient that 
applies across the first mode to the second mode. The following set of differential equations is derived from the above 
set of expressions (11): 

50 

da 

3— ='Piai+Ci2a2 02) 
da2 

55 

Described t>eIow is how a certain relationship occurs between the coupling coefficients 0-2 and Cg, if there is no 
optical loss in the waveguides 130A and 130B. First, the total power P of the light transmitted through the two 
waveguides is given as 
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P = 2(|ai|^Ia2l') 
By differentiating both sides of the expression above, one gets: 



^ dP da/ ^da, daj* .dag 



where, asterisks (*) indicate a conjugate complex number each. From the sets of expressions (12) and (13), the follow- 
10 ing expression is derived: 

^= 2[(c 1 2 -+c 2i)a 1 a 2 2 r)a /a 2] 4) 

If the waveguides 130A and 130B cause no optical loss, the right-hand side of Expression (14) equals zero according 
15 to the law of power conservation. Thus one gets the expression: 

Ci2 = -C2r 05) 

By eliminating 82 from the set of expressions (12) and using Expression (15) above, one gets the following differential 
20 equation: 

^^+'(Pi+P2)d7^ -{p,P2-|Ci2l^)ai=0 06) 

25 

Solving Expression (16) under the initial condition of the mode amplitude when z = 0. one gets the following set of 
expressions: 

6 C 

30 a i(z) = [(cosPbZ-'^sinPbZ)a i{0) +g^sinpbZa2(0)]exp[-ip^2] (17) 

P b P b 

a2(2) = l|^sinPi,zai(0) +(cosPbZ+i^sinPt,2)a2(0)]exp[-iPaZ] 

Pb Pb 

35 



where, pa. Pb and pd are defined as follows: 



Pa = — 2 — 2 



40 



Suppose that light power enters only the first waveguide 130A and no light power enters the second waveguide 
45 130B where z = 0. That is, the assumption is that - 

2|ai(0)|^ = 1, 
213 2(0)1^=0 

50 

Inserting the above expressions in the set of expressions (1 7) allows the power P^(z) and P2(z) of the first and the sec- 
ond waveguides to be calculated as follows: 

P i(z) = 2|a i(z)|^ = l-Fsin^PbZ (18) 
P2(2) = 2Ia2(z)|' = Fsin2pbZ 

where, F is defined by the expression: 
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Converting the set of expressions (1 8) into graphic form provides the view of Fig. 22B. The condition to be met for mov- 
ing all power from one waveguide to the other, i.e.. the condition for accomplishing perfect coupling (i.e.. phase match- 
ing condition) is 

70 Pi = P2 

The length (perfect coupling length) L for affording perfect coupling is given as 

L = Tt/2|C,2l 

15 

In the end. the coupling coefficient C12 of the directional coupling shown in Rg. 22A is given by the expression: 



20 



Ci2=-| fE/(x. y)[na^(x,y)-nc'(x. y)] xE2(x. y) dxdy 



where, c is the velocity of light, eq is the dielectric constant of a vacuum. X is the wavelength of light. Ei(x. y) is the mode 

field distribution of the first waveguide. E2(x. y) is the mode field distribution of the second waveguide, is the refractive 
25 index of the first waveguide 1 30 A. and nc is the refractive index of the cladding portion. Because the coupling coefficient 

C12 depends on the wavelength and mode of light, that dependency is utilized as the relationship for determining the 

coupling length in accordance with the wavelength and mode of the light enrployed. 

Meanwhile, the value F in Expression (19) Is made smaller by enlarging tPi - p2l/|Ci2l- Therefore, the coupling ratio 

of the directional coupling is switched between 0% and 1 00% oh a low driving voltage by varying the refractive index in 
30 such a manner that the coupling coefficient C12 is made smaller or the difference IPi - P2I between mode transmission 

constants is made greater. 

For the optical modulator of Fig. 20 to reduce its driving voltage requires the following conditions to be met on a 
given wavelength of light: When the logic level of the input signal is Low, the coupling ratio of the directional couplings 
120 and 1 22 should be 1 00% and the electric fields of the two light streams going from the first and the second branch- 
es ing waveguides 106 and 108 into the second branching portion 1 10 should be opposite in phase: when the logic level 
of the input signal is High, the coupling ratio of the directional couplings 120 and 122 should be 0% and the electric 
fields of the two light streams going from the first and the second branching waveguides 106 and 108 into the second 
branching portion 110 should coincide in phase. These conditions are met by suitably establishing the optical path 
length of the delay optical waveguide 1 18 and by appropriately controlling the voltages fed to the first loaded electrode 
40 1 1 4, the second loaded electrode 1 1 6 and the control electrodes 1 24 and 1 26. Below is a more specific desaiption of 
how all this may be accomplished. 

The optical transmission path of the optical modulator in Fig. 20 varies depending on the voltages given to the con- 
trol electrodes 124 and 126 (in practice, voltages are fed across the control electrodes 124 and 126 to the first loaded 
electrode 1 14) in the manner described below. Fig. 23 depicts how optical transmission paths are switched illustratively 
45 in the optical modulator of Fig. 20. For the ease of explaining tfie transmission paths with reference to Fig. 23, reference 
character A stands for the first branching portion 104; B and D denote the directional couplings of the first branching 
waveguide 106; C designates a given point between B and D; and E indicates the second branching portion 1 1 0. Those 
points of the second branching waveguide 108 which correspond to the above points B. C and D are denoted by B*. C* 
and D', and those of the delay optical waveguide 1 1 8 by B". C* and D". it is assumed that the optical modulator is turned 
50 on upon voltage application and turned off when voltages are removed. The optica) path lengths for the respective 
transmission paths are designed as follows: The optical path length of A -> B -> C -> D -> E is L; the optical path length 
of A -> B* -> C* -> D' -> E is L: and the optical path length of A -> B" -> C" -> D'* -> E is L + (half of the wavelength). With 
no voltage applied, the directional coupling of a perfect coupling length is constructed so that 1 00% power transition will 
occur from B to B" and from D" to D. Then when no voltages are fed. the following two optical transmission paths are 
£5 formed: 

A-> B"-> C"-> D"-> E (1) 
A -> B' -> C -> D' -> E (2) 
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As a result, an optical path difference corresponding to haff the wavelength occurs between the above paths (1 ) and (2). 
Interference between the transmitted light streams at point E turns off the output of the optical modulator. 

Where voltages are applied so as to inhibit the power transition at the directional coupling, the following two optical 
transmission paths are formed: 

5 

A-> B->C->D-> E (1) 
A->B'->C'->D'->E (2) 

10 The optical path difference between the two paths becomes zero, which turns on the output of the optical modulator. 

The description above applies where the optical path difference between the path A -> B -> C -> D -> E and the 
path A -> B* -> C" -> D' -> E is either zero or an integer multiple of the wavelength involved. In either case, there is no 
need to apply voltages between the first and the second loaded voltages 1 14 and 116. However, technical constraints 
on manufacturing optical waveguides may sometimes make it difficult to establish the necessary optical path difference. 

15 In that case, the difficulty is circumvented by voltage application between the first and the second loaded voltages 1 1 4 
and 116. 

To turn on the output of the optical modulator requires having a phase difference of 2 kn (k is an integer) between 
the two light streams entering the second branching portion 110. whereas to turn off the output requires securing a 
phase difference of (2k + ^)n {k is an integer) between the two ligfit streams going into the second branching portion 

20 110. These requirements are met by applying a compensating voltage across the first loaded electrode 1 1 4 to the sec- 
ond loaded electrode 116. The compensating voltage required here is sufficiently low. 

As an alternative to the setup described above, the fdiowing conditions can be adopted on a given wavelength of 
light: When the logic level of the input signal is High, the coupling ratio of the directional couplings 120 and 122 may be 
100% and the electric fields of the two light streams going from the first and the second branching waveguides 106 and 

25 108 into the second branching portion 110 may be opposite in phase: when the logic level of the input signal is Low. the 
coupling ratio of the directional couplings 120 and 122 may be 0% and the electric fields of the two light streams going 
from the first and the second branching waveguides 106 and 108 into the second branching portion 110 may coincide 
in phase. 

As another alternative to the setup described above, the following conditions can be adopted on a given wavelength 

30 of light: When the coupling ratio of the directional couplings 120 and 1 22 may be 100% and the electric fields of the two 
light streams going from the first and the second branching waveguides 106 and 108 into the second branching portion 
1 10 may coincide in phase; when the logic level of the input signal is High, the coupling ratio of the directional couplings 
120 and 122 may be 0% and the electric fields of the two light streams going from the first and the second branching 
waveguides 106 and 108 into the second branching portion 110 may be opposite in phase. 

35 As a further atternalive to the setup described above the following conditions can be adopted on a given wave- 
length of light: When the logic level of the input signal is High, the coupling ratio of the directional couplings 120 and 
122 may be 100% and the electric fields of the two light streams going from the first and the second branching 
waveguides 106 and 108 into the second branching portion 110 may coincide in phase; when the logic level of the input 
signal is Low. the coupling ratio of the directional couplings 120 and 122 may be 0% and the electric fields of the two 

40 light streams going from the first and the second branching waveguides 1 06 and 1 08 into the second branching portion 
110 may be opposite in phase. 

Rg. 24 is a plan view of an optical modulator for use with an optical transmitter practiced as the sixth embodiment 
of the invention, and Fig. 25 is a cross-sectional view taken on line C-C of that optical modulator. In the sixth embodi- 
ment, the directional couplings 120 and 122 are furnished respectively with control electrodes 124'. and 126' located 

45 close to the delay optical waveguide 1 18. These control electrodes are fed with voltages in such a manner that the 
refractive index of a region 132 directly under the electrodes 124' arxi 126' on the waveguide substrate 101 will equal 
the refractive index of the delay optical waveguide 118. When voltages are fed to the control electrodes, this setup 
enlarges substantially the width of the delay optical waveguide 118 at the directional couplings 120 and 122. Thus the 
coupling ratio is controlled as needed. Because there is no need to provide a buffer layer, driving voltages are further 

50 reduced. 

Rg. 26 is a plan view of an optical modulator for use with an optical transmitter practiced as the seventh embodi- 
ment of the invention. In the seventh embodiment, the curbed delay optical waveguide of the fifth embodiment in Fig. 
20 is replaced by a ring type optical waveguide 134 that is directionally coupled to the first branching waveguide 106. 
Part of the ring type optical waveguide 134 at the directional coupling 136 is loaded with a control electrode 1 38. In the 
55 seventh embodiment the following conditions are met on a given wavelength of light: When the logic level of the input 
signal is Low. the coupling ratio of the directional coupling 136 should be 100% and the electric fields of the two light 
streams going from the first and the second branching waveguides 106 and 108 into the second branching portion 1 10 
should be opposite in phase; when the logic level of the input signal is High, the coupling ratio of the directional coupling 
136 should be 0% and the electric fields of the two light streams going from the first and the second branching 
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waveguides 106 and 108 into the second branching portion 1 10 should coincide in phase These requirements are mat 
by suitably establishing the optical path length of the ring type optical waveguide 134 and by appropriately controlling 
the voltages fed to the first loaded electrode 114, the second loaded electrode 1 16 and the control electrode 138. 

If the optica! modulator of Fig. 20 or 26 is made of Z-cut LiNbOa. necessary operational characteristics are obtained 
preferably by entering a TM mode light beam having a polarization plane perpendicular to the substrate surface, tf a TE 
mode light beam having a polarization plane in parallel with the substrate is entered, the phase modulation efficiency 
of that light beam is lower than that of the TM mode light beam. This requires establishing different operating conditions. 
In that case, it is difficult to drive the optical modulator on low voltages. With the optical modulator of Fig. 20 or 26. the 
difficulty is bypassed by not having to designate the polarization mode of the incident light as follovvs: 

With the optical modulator of Fig. 20. voltages are supplied to the control electrodes 1 24 and 1 26 in such a manner 
that the coupling ratio of the directional couplings 120 and 122 will be 100% for the polarization mode (TE mode) in 
which the phase modulation efficiency of the first and the second branching waveguides 106 and 108 is low, and that 
the coupling ratio will be 0% for the polarization mode (TM mode) in which the phase modulation efficiency is high. Fur- 
thermore, the optical path length of the delay optical waveguide 1 18 is determined so that the electric fields of the light 
streanrts in the two modes going from the first branching waveguide 1 06 into the second branching portion 1 10 will coin- 
cide in phase. This arrangement allows voltages fed to the loaded electrodes 1 14 and 1 16 to turn on and off the optical 
modulator when TM mode is in effect and affords phase change to supplement the loss in the delay optical waveguide 
118 when TE mode is in effect. In this manner, efficient intensity modulation is made possible without regard to the 
polarization mode of the incident light. Where the optical modulator of Fig. 26 is used, the voltages fed to the control 
electrodes are controlled and the optical path length of the ring type optical waveguide 134 is established so that the 
electric fields of the light beams in the two modes going from the first branching waveguide 106 into the second branch- 
ing portion 1 10 will coincide in phase, as with the optical modulator of Fig. 20. 

Fig. 27 is a plan view of an optical modulator for use with an optical transmitter practiced as the eighth embodiment 
of the invention. In the eighth embodiment, the construction of Fig. 26 is supplemented by another ring type optical 
waveguide 134* coupled directionally to the second branching waveguide 108. Thisan*angement is intended to address 
any manufacturing en-or in the optical path length of the ring type optical waveguide 134 in Fig. 27. The coupling ratio 
of the directional coupling is controlled by the voltage fed to the control electrode 138'. With the construction of Rg. 20. 
the manufacturing error in the optical path length of the delay optical waveguide 1 18 may be addressed by directionally 
coupling another delay optical waveguide, not shown, to the second branching waveguide 108 and by suitably control- 
ling the coupling ratio of that directional coupling. 

Fig. 28 is a plan view of an optical modulator for use with an optical transmitter practiced as the ninth embodiment 
of the invention. This embodiment is a variation of the fifth embodiment in Fig. 20 and is capable of operating on a pre- 
determined plurality of wavelengths. The ninth embodiment comprises two delay optical waveguides 1 18A and 1 18B. 
both ends of which are directionally coupled to the first branching waveguide 106. The resulting directional couplings 
are furnished with control electrodes 124A, 126A. 124B and 126B. For the ninth embodiment, the following conditions 
should be met: The directional couplings of the delay optical waveguide 1 18A should have a coupling ratio of 100% 
given the light of a first wavelength (e.g., 1.3 ^m) when no control voltage is supplied. The directional couplings of the 
delay optical waveguide 1 18B should have a coupling ratio of 100% given the light of a second wavelength (e g.. 1 .55 
Jim) different from the first wavelength, with no control voltage supplied. In addition, the optical path lengths of the delay 
optical waveguides 1 18A and 1 188 are to be established so that the optical modulator will be turned on and off given 
the light of any one the first and the second wavelengths. The above arrangement permits intensity modulation by use 
of the light of either the first or the second wavelength, thereby enhancing the versatility of the optical modulator. Where 
the light of both the first and the second wavelengths is entered in order to operate the optical modulator, wavelength 
division multiplexing transmission and wavelength division bidirectional transmission are readily made available. There 
may be three or more delay optical waveguides included in the construction of Fig. 2Q. The delay optical waveguides 
may be replaced by a ring type optical waveguide. 

Although the description above contains many specif idties. these should not be construed as limiting the scope of 
the invention but as merely providing illustrations of some of the presently preferred embodiments of this invention. For 
example, with the fourth embodiment of Fig. 18, capabilities to permit the choice of either the presence or the absence 
of chirping may be added easily to eliminate the adverse effects of wavelength dispersion where tiie polarity of the 
wavelength dispersion over optical fiber cables is known beforehand. 

Thus the scope of the invention should be determined by the appended daims and their legal equivalents, rather 
than by the examples given. 

Claims 

1 . An optical modulator comprising : 

an optical interferometer type modulating means for modulating in intensity light from a light source: and 
driving means for supplying said ntodulating means with a driving signal based on an input signal; 
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said modulating means including: 
an input-side optical waveguide (102); 

a first branching portion (104) for branching in two directions the light transmitted through said input-side 
optical waveguide; 

5 a first and a second branching waveguide (106. 1 08) for transmitting the light branched by said first branch- 

ing portion; 

a second branching portion (110) for converging the light transmitted through said first branching waveguide 
and said second branching waveguide; 

an output-side optical waveguide (112) for transmitting the light converged by said second branching por- 

10 tion; 

a first and a second loaded electrode (114, 116) cooperating respectively with said first branching 
waveguide and said second branching waveguide; 

a delay optical waveguide (1 18) coupled dtrectionally to at least one of said first branching waveguide and 
said second branching waveguide; and 
J 5 a control electrode (124:126) for controlling the coupling rati oof the directional coupling between the branch- 

ing waveguide and said delay optical waveguide. 



2. An optical transmitter, comprising: 

a light source; 

20 a Mach-Zehnder optical modulator, connected operatively to said light source, for modulating in intensity the 

light from said light source; and 

driving means, connected operatively to said Mach-Zehnder optical modulator, for supplying the optical 
modulator with a driving signal based on an input signal; 
said f^ach-Zehnder optical modulator including: 
25 an input-side optical waveguide: 

a first branching portion for branching in two directions the light transmitted through said input-side optical 
waveguide; 

a first and a second branching waveguide for transmitting the light branched by said first branching portion; 
a second branching portion for converging the light transmitted through said first branching waveguide and 
30 said second branching waveguide; 

an output-side optical waveguide for transmitting the light converged by said second branching portion; 
a first and a second loaded electrode loaded respectively onto said first branching waveguide and said sec- 
ond branching waveguide; 

a delay optical waveguide coupled directionally to at least one of said first branching waveguide and said 
35 second branching waveguide; and 

a control electrode for controlling the coupling ratio of the directional coupling between the branching 
waveguide and said delay optical waveguide. 

3. An optical modulator or transmitter according to claim 1 or 2, further comprising control means for controlling con- 
40 trol voltages applied to said first loaded electrode and said second loaded electrode as well as to said control elec- 
trode by use of said driving signal. 

4. An optical modulator or transmitter according to claim 3. wherein said control means controls said control voltages 
for a given wavelength of light in such a manner that when the logic level of said input signal is one of a Low and a 

45 High level, the coupling ratio of said directional coupling will become 100% and the electric fields of the two light 
streams going from said first and said second branching waveguides into said second branching portion will be 
opposite in phase; and that when the logic level of said input signal is the other level, the coupling ratio of said direc- 
tional coupling will become 0% and the electric fields of the two light streams going from said first and said second 
branching waveguides into said second branching portion will coincide in phase. 

so 

5. An optical modulator or transmitter according to claim 4. wherein said given wavelength comprises a plurality of 
wavelengths; and wherein said delay optical waveguide comprises a plurality of waveguides provided respectively 
for the wavelengths. 

55 6. An optical modulator or transmitter according to claim 3. wherein said control means contro(s said control voltages 
for a given wavelength of light in such a manner ttiat when the logic level of said input signal is one of a Low and a 
High level, the coupling ratio of said directional coupling will become 100% and the electric fields of the two light 
streams going from said first and said second branching waveguides into said second branching portion will coin- 
cide in phase; and that when the logic level of said input signal is the other level, the coupling ratio of said directional 
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coupling will become 0% and the electric fields of the two light streams going from said first and said second 
branching waveguides into said second branching portion will be opposite in phase. 

. An optical modulator or transmitter according to claim 6. wherein said given wavelength conrprises a plurality of 
wavelengths; and wherein said delay optical waveguide comprises a plurality of waveguides provided respectively 
for the wavelengths. 

. An optical modulator or transmitter according to daim 1 or 2, wherein the voltage applied to said control electrode 
is controlled in such a manner that the coupling ratio of said directional coupling will become 100% in a polarization 
mode of low phase modulation efficiency for said first and said second branching waveguides, and that the coupling 
ratio of said directional coupling will become 0% in a polarization mode of high phase modulation efficiency for said 
first and said second branching waveguides; and 

vyherein the optical path length of said delay optical waveguide is established in such a manner that the elec- 
tric fields of the light streams in the two polarization modes going from that one of said first and said second branch- 
ing waveguides which is connected directionally to said delay optical waveguide into said second branching portion 
will coincide in phase. 

. An optical modulator or transmitter according to daim 1 or 2, wherein said delay optical waveguide is a ring type 
optical waveguide. 

0. An optical modulator or transmitter comprising: 
a light source; 

a Mach-Zehnder optical modulator having an input port which receives light from said light source, a first and 
a second branching waveguide which transmit the light supplied to said input port after branching the supplied light 
in two directions, an output port which converges the branched light from said first branching waveguide and said 
second branching waveguide before outputting the converged light, and a signal electrode and a bias electrode 
which are insulated from each other and which give phase change to the light transmitted through said first branch- 
ing waveguide and said second branching waveguide; 

light branching means, connected operatively to said output port, for branching in two directions the light out- 
put by said output port; 

driving means, connected operatively to said signal electrode, for supplying said signal electrode with a driv- 
ing signal based on an input signal; and 

operating point control means, connected operatively to said bias electrode, for supplying said bias elec- 
trode with a bias voltage controlled in accordance with the light branched by said light branching means for control 
of the operating point of said Mach-Zehnder optical modulator. 
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